Introduction
============

Pain is considered a multidimensional conscious experience that includes a sensory component (perception of the severity and location of the pain) and a negative affective-motivational component (pain aversion and emotional affect).[@b1-jpr-10-2585]

Clinical patients suffering from pain usually exhibit varying degrees of affective symptoms such as anxiety, depression, and aversion to pain-associated environments.[@b2-jpr-10-2585],[@b3-jpr-10-2585] The negative affective-motivational component of pain is different from the sensory component[@b4-jpr-10-2585],[@b5-jpr-10-2585] and amplifies the pain experience. Recent surveys report that arthritis is one of the most common chronic pain conditions in North America, affecting \~16% of the adult population in the United States and Canada.[@b6-jpr-10-2585] Furthermore, anxiety symptoms related to arthritis have also been shown to increase pain.

In the last two decades, a myriad of behavioral paradigms have been introduced in the field of experimental pain research, particularly in chronic pain.[@b7-jpr-10-2585]--[@b9-jpr-10-2585] Recently, a significant number of preclinical research groups have focused their attention on the affective symptoms of pain.[@b10-jpr-10-2585]--[@b12-jpr-10-2585] The conditioned-place aversion (CPA) paradigm is a highly sensitive method for measuring the negative effect of an aversive memory associated with a pain-paired context.[@b13-jpr-10-2585]--[@b16-jpr-10-2585] Recent studies have shown that the affective component of chronic inflammatory pain can be assessed with a CPA test (pain aversion) and other emotional behavior tests, such as the elevated zero maze (EZM) and open field (OF) tests.[@b17-jpr-10-2585],[@b18-jpr-10-2585] However, the onset, development, and maintenance of the affective component remain unclear.

In the present study, we investigated the complete Freund's adjuvant (CFA)-induced chronic pain model using a CPA test and assessed anxiety-like behavior with the EZM and OF tests. We hypothesized that the time of onset and development tendency would differ between pain aversion and pain-induced anxiety.

Materials and methods
=====================

Animals
-------

Male Sprague-Dawley rats (250±20 g) were purchased from the Shanghai Laboratory Animal Center (SLAC, Shanghai, China) and housed in 40×50×25 cm cages with ad libitum access to food and water at room temperature (25±1°C). The animals were housed in groups of 5--6 rats with a 12:12 light--dark cycle (dark cycle 8:00 PM to 8:00 AM). Our experiments were approved by Laboratory Animal Management and Use Committee of Zhejiang Chinese Medical University. All the animal experiments were performed in accordance with the regulations of the State Science and Technology Commission for the Care and Use of Laboratory Animals (State Science and Technology Commission No. 2, 1988).

Experimental design
-------------------

Rats were randomly divided into two groups: 1) a saline-injected group (saline, n=8) and 2) a CFA-injected group (CFA, n=32), with subgroups including the day 7 (D7), day 14 (D14), day 21 (D21), and day 28 (D28) groups. On day 1, the baseline paw withdrawal threshold was assessed before the saline/CFA injection and repeated on days 7, 14, 21, and 28. On day 2, CPA tests were conducted on each rat. The CPA test, EZM test, and OF test were administered to the D7, D14, D21, and D28 groups. The timeline is shown in [Figure 1A](#f1-jpr-10-2585){ref-type="fig"}.

Arthritis pain model and sham controls
--------------------------------------

Inflammatory pain was induced with an intraplantar injection of 100 μL of CFA in the plantar surface of the left hind paw of the rats. Each milliliter of the injection contained 1 mg of heat-killed and dried *Mycobacterium tuberculosis* (ATCC 25177), 0.85 mL of paraffin oil and 0.15 mL of mannide monooleate (F5881; Sigma-Aldrich, St Louis, MO, USA). Control animals were injected with the same volume of 0.9% saline.

CPA paradigm
------------

The CFA-induced CPA (C-CPA) test was performed as previously reported using a place conditioning apparatus made of Plexiglas.[@b19-jpr-10-2585] The apparatus consisted of two equal square compartments, 30 cm on each side, positioned on the floor and separated by guillotine doors. No neutral third chamber was present in the center. One compartment was covered on three sides with 30 white dots, 1.8 cm in diameter, at 3.5 cm intervals; the floor of the compartment was covered with cinnamon oil. The other compartment was covered with 23 white equilateral triangles with a side length of 2.5 cm; the floor of the compartment was covered with 5% acetic acid. The area of the compartment with 30 white dots was the same as the area of the compartment with 23 white triangles. The guillotine doors, covered with colored spots corresponding to their respective walls, were inserted during conditioning sessions and removed during pre- and post-conditioning tests. The colored dots and triangle spots served as the visual cues; the different substances on the floor served as the tactile cues ([Figure 1B](#f1-jpr-10-2585){ref-type="fig"}). The testing room was illuminated with a 15-W bulb positioned \~1 m from the apparatus. The apparatus was cleaned with 75% ethanol after each test.

Pre-conditioning phase
----------------------

In the pre-conditioning phase (day −2), the baseline time that the rats spent during a 15-min pre-conditioning period in each of the two distinctive compartments was recorded. The animal was considered to be in a chamber when the midpoint of the back was inside the chamber. The next day (day −1), each rat was free to explore in one compartment for 1 hour.

Conditioning phase
------------------

In the conditioning phase (day −1), each rat was free to explore one compartment for 1 hour. For the C-CPA group, CFA was subcutaneously injected in the plantar surface of left hind paw (day 1). Two hours after the injection, the rat was free to explore another compartment for another hour. The pain-paired compartment was assigned randomly before the baseline measurement.

Testing phase
-------------

During the 15-min post-conditioning phase (day 2), the amount of time that the rats spent in each compartment was recorded again. The CPA score magnitude, used as an indicator of affective response, was determined by subtracting the time spent in the pain-paired compartment during the post-conditioning test (day 2) from the time spent in the same compartment during the pre-conditioning test (day −2). Less post-conditioning time spent in the compartment indicated a greater affective response. Additional tests were performed on days 7, 14, 21, and 28. The timeline is shown in [Figure 1A](#f1-jpr-10-2585){ref-type="fig"}.

Assessment of static mechanical sensitivity
-------------------------------------------

The rats were habituated to the testing chambers two to three times before the baseline testing began. The testing chambers consisted of clear Plexiglas chambers on a raised wire mesh grid. On each testing day, the rats were first habituated to the testing chambers 30 minutes before the test. Mechanical allodynia, as a behavioral sign of neuropathic pain, was assessed by measuring 50% paw withdrawal threshold (PWT) as described by Dixon.[@b20-jpr-10-2585]

Mechanical threshold measurements for each hind paw were obtained. For this procedure, eight von Frey monofilaments (1.4, 2, 4, 6, 8, 10, 15, and 26 g) were utilized in the following manner. Each trial began with a von Frey force of 8 g delivered to the left hind paw for \~5 seconds. If there was no withdrawal response, the next higher force was delivered. If there was a response, the next lower force was delivered. This procedure was performed until no response was made at the highest force (26 g) or until four stimuli were administered following the initial response. The 50% PWT was calculated using the following formula: PWT= 10\[Xf + kδ\], where Xf is the value of the final von Frey filament used (in log units), k is a value measured from the pattern of positive/negative responses, and δ = 0.184, which is the average interval (in log units) between the von Frey filaments. If an animal responded to the lowest von Frey filament, a value of 1.4 g was assigned. If an animal did not respond to the highest von Frey filament, the value was recorded as 15.0 g. The tests were conducted on days 1 (baseline), 7, 14, 21, and 28.

Pain-induced emotional and affective changes were assessed in a separate set of animals on days 7, 14, 21, and 28 after the CFA injection.

EZM test
--------

The maze consisted of a black metallic annular platform (100 cm in diameter, 25 cm in width, and 55 cm in height) that was equally divided into four quadrants. Two opposite quadrants (close arms) were enclosed by black metallic walls (30 cm high) on both the inner and outer edges of the platform, while the remaining two opposite quadrants (open arms) were open.[@b21-jpr-10-2585] All the animals were placed in the testing room 1 hour before the test. The whole apparatus was wiped with 75% ethanol before each trial. The animal was placed in the center of a closed arm for 20 seconds to adapt to the environment, and then the behavior was videotaped and quantified by the SMART 3.0 system for 5 minutes. The EZM test was administered to a separate set of animals on days 7 (D7 group), 14 (D14 group), 21 (D21 group), and 28 (D28 group) after the CFA injection.

OF test
-------

Four square, black Plexiglas OF arenas (100×100×50 cm) were placed together to form the apparatus, such that each side was 200 cm, and the area of the four arenas was included. The whole apparatus was wiped with 75% ethanol before each trial.[@b22-jpr-10-2585],[@b23-jpr-10-2585] All the animals were placed in the testing room 1 hour before the test to adapt to the environment. At the beginning of the trial, each animal was first placed in the center of the area, and the behavior was videotaped for 5 minutes, which was quantified by the SMART 3.0 system. The OF test was performed on a separate set of animals on days 7 (D7 group), 14 (D14 group), 21 (D21 group), and 28 (D28 group) after the CFA injection.

Statistical analysis
--------------------

All data are expressed as the mean ± standard error of the mean. Statistical comparisons among different groups were made by one-way repeated-measures analysis of variance (ANOVA). For the subsequent multiple comparisons, the least significant difference (LSD) and Dunnett's test were used when equal variances were assumed or not assumed, respectively, as determined by the homogeneity of variance test. Correlations between the CPA scores and anxiety-like behavior were determined using Pearson correlation coefficient analysis. Significance was determined at the level of *p*\<0.05.

Results
=======

CFA injection into the left hind paw induced an affective response in the C-CPA test
------------------------------------------------------------------------------------

During the 15-minute pre-conditioning test, rats in the saline and CFA groups spent similar amounts of time in the two compartments, indicating no preference for either compartment. However, when a hind-paw CFA injection was paired with a specific compartment, the rats spent less time in the paired compartment during the post-conditioning test than during the pre-conditioning test, which demonstrated place aversion to the paired compartment ([Figure 2A](#f2-jpr-10-2585){ref-type="fig"}). In contrast, saline-injected rats spent similar amounts of time in both the compartments during the post-conditioning and pre-conditioning tests, which indicated no aversion to the saline-paired compartment ([Figure 2B](#f2-jpr-10-2585){ref-type="fig"}). The CPA score revealed that the apparatus chambers were neutral stimuli and demonstrated that the CFA injection induced pain affection compared to the saline injection ([Figure 2C](#f2-jpr-10-2585){ref-type="fig"}).

Development of mechanical hypersensitivity following CFA injection
------------------------------------------------------------------

Unilateral intraplantar injection of both the CFA solution and saline into the rat hind paw caused a decrease in the PWT after the application of the mechanical stimulus to the ipsilateral side of the rat. Mechanical hypersensitivity was evident due to the obvious paw swelling at day 7 ([Figure 3A](#f3-jpr-10-2585){ref-type="fig"}), and significant decreases in the PWT ([Figure 3B](#f3-jpr-10-2585){ref-type="fig"}) were observed in the CFA-injected rats compared to the saline-treated rats. In the saline group, the PWT exhibited a temporary decline and then recovered to the baseline level. Mechanical allodynia remained 28 days after the CFA injection and represented a significant (80%) decrease in the mechano-nociceptive threshold of the affected limb compared to the saline-treated animals. Overall, the CFA induced persistent mechanical allodynia in the CFA-treated hind paw.

Time course of CFA-induced pain aversion in the CPA test
--------------------------------------------------------

After the CPA tests (day 2), the CFA rats were divided into D7, D14, D21, and D28 groups, and another CPA test was conducted on days 7, 14, 21, and 28, respectively ([Figure 4A](#f4-jpr-10-2585){ref-type="fig"}). A significant decrease was observed in the CPA score on day 7 after the CFA injection and gradually increased on days 14, 21, and 28 but was still less than that of the saline-injected group ([Figure 4B](#f4-jpr-10-2585){ref-type="fig"}).

CFA injection induced anxiety-like behavior on day 28 in the EZM test
---------------------------------------------------------------------

On days 7, 14, and 21, the traveling distance and time in the open arms were decreased in the CFA-injected group, but no significant differences were observed compared to the saline-injected group ([Figure 5C](#f5-jpr-10-2585){ref-type="fig"}). On day 28, the CFA-injected rats traveled shorter distances in the open arms than the saline-injected rats ([Figure 5B](#f5-jpr-10-2585){ref-type="fig"}). There is no difference in the locomotor activity ([Figure 5D](#f5-jpr-10-2585){ref-type="fig"}). Trajectory charts of rats by EZM tests are shown in ([Figure 5A](#f5-jpr-10-2585){ref-type="fig"}). These data indicate that rats with long-term inflammatory pain exhibit anxiety-like behavior at \~4 weeks after pain initiation but not during the early onset of pain.

Time course of CFA-induced anxiety-like behavior in the OF test
---------------------------------------------------------------

To verify the results in the EZM tests, we examined OF behavior ([Figure 6A](#f6-jpr-10-2585){ref-type="fig"}). The animals explored freely in each arena for 5 minutes, and the distance traveled and time spent in the center were analyzed. The CFA injection induced a decrease in the time spent in the central area and distance traveled. No significant differences were observed on days 7 and 14 after the CFA injection. However, on days 21 and 28, the rats displayed a significant decrease in the time spent in the center and distance traveled, which serve as indices of anxiety in rodents ([Figure 6B and C](#f6-jpr-10-2585){ref-type="fig"}). There is no difference in the distance traveled ([Figure 6D](#f6-jpr-10-2585){ref-type="fig"}).

Correlation between pain aversion and pain-induced anxiety behaviors
--------------------------------------------------------------------

To investigate the seemingly inconsistent results for pain aversion and pain-induced anxiety, Pearson correlations were calculated between the CPA score and anxiety-like behaviors in the EZM tests as well as between the CPA score and anxiety-like behaviors in the OF tests. Significant negative correlations were identified between the CPA score and anxiety-like behaviors in the EZM tests (*r*=0.7316, *p*\<0.0001, [Figure 7A](#f7-jpr-10-2585){ref-type="fig"}) and OF tests (*r*=0.7263, *p*\<0.0001, [Figure 7B](#f7-jpr-10-2585){ref-type="fig"}).

Discussion
==========

In the present study, plantar injection of CFA stimulated a rapid, local inflammatory response that caused both peripheral and central sensitization; CFA-induced pain was intense and persisted for at least 4 weeks after the injection. Moreover, the CFA injection induced affective pain compared to the saline injection, as shown by the avoidance response to the pain-paired compartment over 4 weeks. The data indicate that CFA rats experienced spontaneous pain during pain-paired conditioning and that CFA injection-induced spontaneous pain produces an affective response.

Isolated chronic pain is a debilitating phenomenon that affects \~20% of the population.[@b24-jpr-10-2585] Common comorbidities, such as cognitive, anxiety, and sleep disorders, are reported in most cases.[@b25-jpr-10-2585] Over the past decade, a number of research groups have explored the changes in emotional affect caused by chronic pain in rodents using pain models such as viral-induced neuropathy, drug-induced toxic neuropathy, nerve injury-induced neuropathy, or models mimicking arthritic pain.[@b18-jpr-10-2585],[@b26-jpr-10-2585]--[@b28-jpr-10-2585] Sawada et al have reported that in measurements of anxiety-like behavior, the time spent in the open arms for partial sciatic nerve ligations-treated mice decreased only on day 28, and no differences was found on days 7, 14, and 21.[@b27-jpr-10-2585] These studies have shown that the development of pain influences the onset of anxiety/depressive-like behaviors in rodents, which are similar with our study.

The C-CPA test is based on associative learning between a painful stimulus aversion and the environmental context in which the stimulus is administered; the inhibition of pain-related aversive behavior may be caused by a disruption of various forms of long-term memory.[@b15-jpr-10-2585],[@b16-jpr-10-2585] In our study, C-CPA was gradually attenuated to the baseline level over 4 weeks, but we still observed significant aversion to the pain-paired compartment in the CFA-injected group compared to the saline group. These findings indicate that the association between the painful stimulus aversion and the environmental context was weakened over time. Human patients with chronic pain often exhibit higher levels of anxiety. In our study, whether the emotional effect was also attenuated remains unknown. Therefore, we used the EZM and OF tests to assess the anxiety-like behavior of the animals in our study.

Because anxiety cannot be directly assessed in animals, most tests (eg, EZM and OF) used in preclinical studies rely on evaluating exploratory behaviors that are believed to be associated with anxiety (anxiety-like behavior).[@b29-jpr-10-2585],[@b30-jpr-10-2585] Here, we addressed the behavioral impact of persistent pain in animals by monitoring the affective state behaviors using intraplantar CFA injections. Indeed, in rats suffering from unilateral inflammation, anxiety-related phenotypes were revealed by a decrease in the distance traveled and time spent in the center of the OF and in the open arms of the EZM at 3 and 4 weeks after the CFA injection. However, no anxiety-like behavior was detected at 1 or 2 weeks after the CFA injection. Hence, we demonstrated that chronic inflammatory pain leads to the development of anxiety-like behaviors at 3 or 4 weeks after pain induction.

In the present study, the CFA-induced inflammatory pain in these rats was accompanied by the attenuation of pain-related aversion in the C-CPA test and the development of anxiety-like behaviors in the EZM and OF tests. The C-CPA test induces affective responses through associative learning and memory formation, which reflects an emotional affect related to episodic memory. As episodic memory was abated over time, the aversion to pain was correspondingly attenuated. In addition, the anxiety-like behavior that reflected a pure emotional affect was increased, even as the episodic memory was attenuated ([Figure 7C](#f7-jpr-10-2585){ref-type="fig"}).

These disparities reinforce the hypothesis that although negative effect (including pain aversion and anxiety) is always associated with hyperalgesia, the manifestations of negative effect may follow different time courses, which emphasizes that targeted therapy should focus on specific aspect in different stages of pain. The findings illustrate the necessity of using multiple tests to study pain comorbidities.
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![Schematic diagram of the protocol for C-CPA testing. (**A**) Procedure for the C-CPA test and (**B**) the place conditioning apparatus made of Plexiglas.\
**Abbreviations:** CFA, complete Freund's adjuvant; C-CPA, CFA-induced conditioned-place aversion.](jpr-10-2585Fig1){#f1-jpr-10-2585}

![C-CPA tests. (**A**) Trajectory chart of rats in the pre-conditioning and post-conditioning tests with saline or CFA injections. (**B**) The time spent in the condition-paired compartment before and after the conditioning phase. (**C**) The CPA scores of the saline group and CFA group on day 2 were determined by subtracting the time spent in the pain-paired compartment during the post-conditioning test. ^&&^*p*\<0.01, post-conditioning compared to pre-conditioning; \*\**p*\<0.01, compared to the saline group.\
**Abbreviations:** CFA, complete Freund's adjuvant; C-CPA, CFA-induced conditioned-place aversion.](jpr-10-2585Fig2){#f2-jpr-10-2585}

![(**A**) Photographs of the hind paws reveal obvious swelling and the guarding posture of the CFA rats. (**B**) Development of nociceptive behavior in saline and CFA rats. All values are expressed as the mean ± SEM: \*\**p*\<0.01, compared to saline controls, n=8 per experimental group.\
**Abbreviations:** CFA, complete Freund's adjuvant; SEM, standard error of the mean; PWT, paw withdrawal threshold.](jpr-10-2585Fig3){#f3-jpr-10-2585}

![The variation of CFA-induced pain aversion in the C-CPA tests. (**A**) Trajectory chart of the rats in the D7, D14, D21, and D28 saline groups in the post-conditioning tests. (**B**) CPA score. \*\**p*\<0.01, compared to the saline group, \**p*\<0.05, compared to the saline group.\
**Abbreviations:** CFA, complete Freund's adjuvant; C-CPA, CFA-induced conditioned-place aversion.](jpr-10-2585Fig4){#f4-jpr-10-2585}

![The EZM test. (**A**) Trajectory chart of the rats in the EZM. (**B**) The distance traveled in the open arms of the EZM. (**C**) The time spent in the open arms of the EZM. (**D**) Locomotor activity of the rats in the EZM. \**p*\<0.05, compared to the saline group.\
**Abbreviation:** EZM, elevated zero maze.](jpr-10-2585Fig5){#f5-jpr-10-2585}

![The OF test. (**A**) Trajectory chart of the rats in the OF test. (**B**) The distance traveled in the central area of the OF. (**C**) The time spent in central area of the OF. (**D**) Distance traveled in the OF. \**p*\<0.05, compared to the saline group.\
**Abbreviation:** OF, open field.](jpr-10-2585Fig6){#f6-jpr-10-2585}

![The relationship between pain aversion and pain-induced anxiety. (**A**) The distance traveled in the open arms of the EZM test was positively correlated with the CPA score. (**B**) The distance traveled in the central area of the OF test was positively correlated with the CPA score. (**C**) The overlap of pain aversion and pain-induced anxiety over time. At the early stage, CFA rats exhibit strong pain aversion in the C-CPA tests. This aversion slowly decreased over time, while the onset of pain-induced anxiety occurred and increased over time.\
**Abbreviations:** CFA, complete Freund's adjuvant; C-CPA, CFA-induced conditioned-place aversion; EZM, elevated zero maze; OF, open field.](jpr-10-2585Fig7){#f7-jpr-10-2585}
